Air pollution measurements during April 1991 are reported from the Craeybeckx highway tunnel in Antwerp, Belgium. The tunnel was used daily by an average of 45,000 vehicles, of which 60% were gasoline fueled passenger cars, 20% diesel cars, and 20% trucks. Of the gasoline cars, only 3% had three-way catalysts. Tunnel air concentrations of nitrogen oxides, sulphur dioxide, carbon dioxide, carbon monoxide, nonmethane hydrocarbons, volatile organic compounds, polycyclic aromatic hydrocarbons, and lead are presented. The traffic emissions in the tunnel are calculated by the carbon balance method, which uses the increase of the total carbon concentration in the tunnel air as the reference quantity. Division of the concentration of any pollutant by the total carbon concentration gives emission factors per kilogram of carbon. These emission factors can be converted directly to emissions relative to fuel consumption or per kilometer. The fraction of diesel used in the tunnel was derived from sulphur to carbon ratios in tunnel air. A calculation procedure with breakdown of emission factors according to vehicle categories was used to estimate countrywide emis- mate emissions of the major pollutants is presented. As opposed to Brussels' city tunnels where only passenger cars are allowed and the speed is limited to 60 to 80 km/ hr, this is a highway tunnel with high speed traffic and intensive freight traffic (20% trucks).
Introduction
Air quality in traffic tunnels has received much attention in Belgium since 1989 when the Institute for Hygiene and Epidemiology (IHE), after measurements in two traffic tunnels in Brussels, published rather alarming results. It appeared that (a driver can get caught in stagnant traffic and be obliged to remain 20 min or more in a severely polluted atmosphere (e.g., in the 2-km long Leopold II tunnel). Under these circumstances or for frequent tunnel users, it was shown that the exposure limits set by ambient air quality standards are exceeded. Since then, the air quality in most of the larger tunnels in Belgium has been investigated by the IHE. As a result of their work, Vanderstraeten et al. (1) developed the carbon balance method to estimate on the road traffic emissions from air pollution measurements in a tunnel. The method can be regarded as an extension of the tracer method described by Bullin et al. (2) with the carbon from the fuel used as a tracer for the exhaust gases.
In this paper mate emissions of the major pollutants is presented. As opposed to Brussels' city tunnels where only passenger cars are allowed and the speed is limited to 60 to 80 km/ hr, this is a highway tunnel with high speed traffic and intensive freight traffic (20% trucks).
The Craeybeckx Tunnel
The Craeybeckx tunnel ( Figure 1 ) is a 1600-m long highway tunnel with two tubes having five lanes in each direction, one of which is reserved for emergency parking. The south direction of the tunnel is the highway to Brussels, and in the north, it is connected to the Antwerp urban area. Because it is the highway link between the largest Belgian cities, the tunnel is used intensively by all kinds of motor traffic. The tunnel has a very smooth curvature to the west and negligible slopes. During most of the day, there is a typical highway traffic flow with average speeds from 90 to 120 km/hr. The tunnel galleries are 6 m high by 21 m wide and are separated by a central service alley containing 33 air exhausts. Fresh air can be blown in by 33 regularly spaced ports in each of the outside walls. The tunnel ventilation is activated when carbon monoxide (CO) levels exceed 50 ppm, but because this seldom occurs, it has become practice to activate part of the blowers for a fixed time during peak hours. The site of the measurements was chosen at one third from the end in the northbound tube because this direction was most sensitive to congestion in morning and evening rush hours and thus was expected to offer a variety in traffic and emission patterns.
The number of vehicles passing through the northbound tube was 45,000/day (working days) and 23,000/day (weekends), with hourly maxima around 5000 and 4000 for morning and evening peaks, respectively. 
Background Concentrations
The importance of accurate information on the pollution levels in the air entering the tunnel will be demonstrated further. Preferably these levels should be monitored at the air intake of the tunnel and simultaneously with the tunnel measurements. For practical reasons, this was not feasible for all components.
Only sulfur dioxide (SO 2) and CO 2 were monitored simultaneously with a second analyzer on top of the tunnel. Nitrogen oxide (NO X) data were obtained from local national air pollution network stations and CO background levels appeared to be virtually zero. VOC and particulate measurements were carried out on separate days with the equipment that was used for the tunnel measurements.
Air Pollution Data Figure 2 shows air concentration histories of some of the pollutants monitored during an 11-day period from April 17 (Wednesday) to 27 (Saturday) 1991. On working days, peak concentrations of all pollutants occur in the morning from 7 to 9 A.M. and in the evening from 5 to 7 P.M. It is obvious that the pollution levels in the tunnel are determined primarily by the traffic intensity, of which the pattern is shown in Figure 3 . Because this tunnel has an impressive cross section and efficient ventilation, the pollutant concentrations are lower by a factor of 2 or more than in other Belgian tunnels of comparable length. The main statistics for the half-hour averages represented in Figure 2 are shown in Table 1 .
The data refer to an ambient air temperature of 10°C and a pressure of 1013 mbar. Analysis of the air pollution data in combination with vehicle speed indicates that CO, hydrocarbon and NO2 emissions increase markedly when traffic becomes congested. Average data for some of the VOCs during day time, and a selection of PAHs together with standard deviations and background levels are given in Table 2 .
The VOC data are averages of 29 samples taken on 14 days, covering different periods. The large standard deviations are mainly due to variance between these periods. The PAH data are an average of nine samples of 24-hr averages. The PAH profile, obtained by ratioing to benzo[e]pyrene concentrations is remarkably similar to those from six tunnel studies cited by Daisey (4 (5), where a 50-ppm CO limit is given for a 30-min exposure time. For most pollutants, however, no short time exposure levels for the general public are available. The development of practical tunnel air quality standards that would take into consideration the residence time of the tunnel users and the maximum allowable exposure to the most critical pollutants: NO2, SO2, lead, and partides and carcinogens like benzene and certain PAHs, is highly recommended.
Mass Balances and Carbon Balance
Air pollution measurements in combination with mass balances over a traffic tunnel allowed a calculation of the average emissions from the vehicles using the tunnel. The parameters measured were a) air flow or average wind speed over the tunnel section, b) concentration of pollutants of interest in the air entering and leaving the tunnel (in the following, the difference between these concentrations is named the net concentration in the tunnel), and c) the number of cars passing through the tunnel, if the emissions are to be estimated per vehide or per kilometer. In its simplest form, for a tunnel with longitudinal airflow, the mass balance result for emission of pollutant i is given by: In many tunnels, the air flow is not constant because air is blown in or withdrawn at different locations. Vw is the average wind speed over the entire cross section and therefore is difficult to determine experimentally. A large number of measuring points distributed over the tunnel section would be required, which is impeded by the traffic. In the Craeybeckx tunnel, the air drag of the vehicles and the natural wind domimate the ventilation. The wind direction during our observations was always the same as the traffic. No additional dilution effect from the forced ventilation could be measured. A remarkable decrease in tunnel ventilation with peaking pollution levels was measured on April 22, 1991, when an incidental traffic slowdown coincided with strong winds from the opposite direction reducing tunnel wind speeds to 1 m/sec. This incident is illustrated in Figure 3 and shows that air flow through the tunnel is not always a reliable parameter to calculate mass balances.
To take into account the effect of variable dilution of exhaust gases in the calculation of the mass balance, a tracer gas like sulfur hexafluoride, released by vehicles was used by Bullin et al. (2) and Hlavinka et al. (9) . This tracer method can be applied to tunnels and open roads, but the representative dispersion of the tracer is hardly feasible for longer periods of time.
Carbon balance as a method to evaluate traffic emissions in situ was applied by Vanderstraeten et al. (1) for two tunnels in Brussels. The method does not rely on determination of the air flow but requires measurements of the increase of air concentrations of all carbon-containing pollutants in order to relate emissions to the amount of carbon produced by fuel combustion in the tunnel. Carbon balance is a mass balance method with the carbon content of the air used as the tracer gas. The first step in drawing a carbon balance is to make a table of net pollutants concentrations in the tunnel air Ayi, and the next step is to calculate the contribution ofeach pollutant i to the unit mass of carbon emitted in the tunnel. Finally, a table ofPi values is obtained: 1000 xAyi Ex xAyi [2] where Pi = net mass of pollutant i in tun- When c is calculated from fuel consumption data (10) and vehicle and speed distributions, c = 0.090 is obtained, with 52% of the carbon originating from diesel.
Application of Equations 2 and 3 is attractive because it immediately results in emissions given in g/ km, for traffic conditions as in the tunnel. Countrywide emissions can be estimated by multiplication of Ei with the annual 60 billion km driven in Belgium. More sophisticated computations were used to calculate national emissions from true vehicle and speed distributions. The headlines of this approach are given in the following paragraphs.
Because CO2 and CO account for nearly 99% of the carbon emission in this tunnel, it is not crucial that all pollutants are taken into account for the results of the carbon balance. Essentially, a CO2 measurement alone will already give a good approximation for the totality of carbon in the tunnel air. Furthermore, the carbon balance must not be limited to carbon containing molecules. It is equally convenient to indude NO and SO2 and eventually others in the carbon table. Carbon balances can be calculated for any period of time; however, we find it most convenient to integrate over the sampling periods of a full day (24 hr) and 2 and 4 hr, where the latter were defined as: night from 12 to 4 A.M., morning rush from 6 to 10 A.M., mid day from 12 to 4 P.M., and evening rush from 4:30 to 6:30 P.M.
Statistical Treatment ofData
Our measurements of tunnel air pollution, when used for estimation ofemissions, can be classified according to traffic mode. The traffic in the tunnel between rush hours is typical ofhighways in Belgium. Therefore, data over these periods can be considered representative for highway emissions. The rush hours with congested traffic are assumed to approximate urban driving conditions. On the other hand measurement itself determines the periods over which average data are available. Instruments like those for continuous monitoring of CO, hydrocarbons, SO2, and NOx allow integration over any time span, while VOCs were sampled and required 2 or 4 hr averaging times. Particulate matter and related pollutants including PAHs, heavy metals, and dioxins normally were measured as 24-hr averages.
The subdivision of measurements in data sets for periods of 2, 4, or 24 hr according to traffic mode allowed the calculation of four carbon balances for every day. A total of 22 data sets were of sufficient experimental quality. The hypothesis that there were statistical differences between those sets was tested by Kruskal Wallis analysis. This test is comparable to the better known F test, but it does not require normal distribution of the data. The four modes we defined initially were a) nights with low-traffic intensity, b) normal traffic during morning and afternoons, c) intensive traffic during rush hours, and d) congested traffic during evening and morning jams. One result the test indicated with 90% or higher confidence that specific emissions of toluene and CO differ by traffic mode. The multiple-range analysis, however, showed that only the congested traffic emission pattern was significantly different from the other three, which led us to the discrimination of only two categories of traffic during a day. Table 3 gives the average carbon balance for the two categories we named congested and highway, the latter being the average of the three modes specified above. As already stated, the Pi values from Tables 3 and 4 can be converted to emissions in g/km for tunnel traffic through multiplication by c= 0.090 kg C/ km. During the congested periods, an appreciable quantity of high speed traffic still is present because congestion generally occurred on two lanes at the end of the tunnel and gradually increased from there.
Environmental Health Perspectives In the polluted tunnel air, an intermediate SI C ratio will be found. Figure 4 illustrates how the net sulfur to carbon ratio in the tunic aromatic nel air is used to estimate the fraction of car-_ bon from diesel by linear interpolation.
Pi,gl kg C Figure 5 shows the history ofthe net SO2 and 0.00028 CO2 concentrations for one day and the cal- The splitting of emissions into categories is needed for the extrapolation of the tunnel data to national scale emissions, which have a slightly different pattern of vehicles and fuel use. In the tunnel, Fd is the measured diesel carbon fraction, and the percentage of freight traffic was counted as 20%. For the calculation of the national emission budget, the statistics of fuel sales, or alternatively the vehide population statistics with an estimated yearly mileage per vehicle class are used.
Estimates of Emissions from Tunnel Data
From the data for high-speed traffic in Table 3 , highway emissions in g/ km are Volume 102, Supplement 4, October 1994 Table 5 , and compared to the results obtained with the emission factors given by CORINAIR (10) at the same speed. It is apparent that the agreement between the tunnel data and the CORINAIR emission estimates is good for CO and nitrogen oxides, while for nonmethane hydrocarbons, almost twice the emission predicted by CORINAIR is obtained. The underestimation of CO and hydrocarbon emissions by models is a wellknown fact and this is generally blamed to a limited number of badly tuned engines with extremely high emissions. The degree of underestimation by CORINAIR therefore is not excessive compared to some (2,7). The emission factors used in 1990 by Flanders Region Emissions Inventory, the official body that makes the emissions inventory in the region of Flanders, where the tunnel is situated, give quite deviating results from ours for CO and SO2, while for NOx there is good agreement again (Table 6 ). The estimates in Table  6 were obtained with specific emission factors (Equation 4 ) and vehide counts in the tunnel. The results reported are averages of3 days. Table 7 lists 1991 national emission estimates for Belgium, based on the application of the carbon balance to the tunnel data, the fuel sales statistics, and the motor vehicle population. The tunnel measurements represent only two traffic modes, and items like cold starts are not included. High speed driving is certainly overrepresented and therefore we assume that the Congested column in Table 7 is the best approximation for the nationwide emissions. The PAHs emission estimates given in Table 8 are based on 24-hr averages and thus represent the average traffic situation like it exists in the tunnel.
An already cited advantage of emission estimates by the carbon balance method is that a real sample of vehides is taken on the road in realistic driving conditions. Our measurements involved a sample of 23,000 to 47,000 vehides per day. A further advantage is that emission factors for components that are otherwise unavailable can be obtained readily. The theoretical quantity of lead released in the tunnel can be estimated with reasonable accuracy, and the result can be compared to the actual measurements. Table 9 gives measured lead concentrations in the tunnel and the corresponding 24-hr average increase of carbon dioxide concentrations.
The background lead concentration in the air in this area is monitored by the IHE with the same equipment we used in the tunnel. As a yearly average for 1989 to 1990 in the nearby heavy metal monitoring station HOB04, the value of 0.19 ig/m3 was measured. Therefrom we calculate a lead to carbon ratio (Pb/ C) in the tunnel air of 0.0143 g/kg. However, the expected Pb/C ratio, based on a 44% fraction ofcarbon from gaso- Taking into account the carbon content of these tunnel atmospheres, Pb/C ratios of 0.0478 and 0.04 g/kg are found. With 84.6% leaded gasoline used at that time, the lead recovered by the samplers is 28.6 and 24% of the lead in the gasoline, respectively. It is known that lead emissions from vehicles are entirely in the particulate phase and that this freshly emitted aerosol is very fine, with aerodynamic diameters below 10 pm.
Therefore, we suspect no sampling artifacts and must assume that actually only 22 to 29% of the lead in gasoline is emitted. This contradicts the assumed CORINAIR lead emission factor of 75%. However, it is our opinion that this issue needs further darification before the carbon balance can be applied to aerosol related pollutants with confidence.
Conclusions
The mass balance over a traffic tunnel by means of the carbon balance offers a relatively fast way of assessing on-the-road emissions for a large number of cars under actual driving and maintenance conditions. The method is useful to check the available emission factors and emissions inventory systems. Furthermore, it can be used to determine traffic-caused emissions of pollutants for which no data are available presently. However, care must be taken to avoid artifacts during tunnel and intake air analysis and some assumptions must be made in applying the method. Its applicability to aerosols still requires further validation.
